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1 Introduction 
Proline, as a multifunctional molecule in plant development and in response to a wide range of 
plant abiotic and biotics stresses can act as both compatible osmolyte and radical scavenger or 
by its degradation as a supply of energy for re-growth after stress situations.   In this Chapter, 
we discuss the complexity of proline biosynthesis and catabolism deciphering components 
involved in the regulation of proper plant growth and development as well in the context of 
abiotic and biotic stress induced processes. Although numerous recent excellent reviews have 
been written, we provide a broad view of the most recent approaches of how proline can take 
part in other signaling pathways and interconnect with some phytohormones. Investigating the 
post-transcriptional modification of Pro-mediated enzymes provide a new uncovered area for 
better understanding the efficiency of proline regulated stress responses and plant 
developmental processes.    
 
2 Proline biosynthesis and degradation in plants 
The place of proline biosynthesis in plants is the chloroplast and cytoplasm while degradation 
of proline occurs in the mitochondria. The pathways involved in proline synthesis and 
degradation are regulated by multiple enzymes. Proline dehydrogenase (ProDH) catalyzes the 
first and rate-limiting step in the transformation of proline (Pro) into glutamic acid (Glu) that 
takes place at mitochondria. Some studies indicated that as ProDH is bound to the inner 
mitochondrial membrane, may have a role in transferring electrons to ubiquinone in the 
mitochondrial electron chain in higher plants (Elthon and Stewart, 1981, Kiyosue et al., 1996, 
Liang et al., 2013). This enzyme oxidizes Pro into delta-1-pyrroline 5-carboxylate (P5C) using 
FAD as cofactor, which can transform non-enzymatically into glutamate semialdehyde (GSA). 
P5C dehydrogenase (P5CDH) can generate Glu and NADH from GSA.  
Until now, our current knowledge about the transporters of proline inside the plant cell is 
limited, there may be glutamate/proline antiporters. In future more investigations also need to 
decipher the exporters of GSA/P5C into the cytoplasm or into the mitochondria from the 
cytoplasm. 
The Pro-Glu pathway was confirmed an important role in supporting root growth as the proline 
oxidation can generate reducing equivalents for mitochondrial oxidative phosphorylation 
(Verslues and Sharma, 2010; Liang et al., 2013). Recently, Signorelli (2016) has proposed a 
fermentation analogy for proline accumulation in stressed plants.    
The rate-limiting enzyme of the biosynthesis of proline in higher plants is D1- pyrroline-5-
carboxylate synthetase (P5CS), which is responsible for converting glutamate into pyrroline -
5-carboxylate (P5C). Next, the second enzyme D1- pyrroline-5-carbxylate reductase (P5CR) 
can reduce P5C to proline, encoding by only one gene in most plant species that have been 
investigated (Armengaud et al., 2004).  P5CS is regulated by a lot of factors such as abscisic 
acid (ABA) nat-siRNAs and epigenetically or by alternative splicing (Abraham et al, 2003; 
Borsani et al., 2005; Kesari et al., 2012; Zhang et al., 2013).  
Proline level varies depending from the species involved or severity and duration of stress 
situation (Delauney and Verma, 1993), however, the relation between the proline accumulation 
and stress adaptation is contradictory (Hare and Cress, 1997; Chen et al., 2007). Kishor et al 
(2014) suggest the importance of proline homeostasis over the proline accumulation with stress 
tolerance. Some studies provide evidence that in case of stress-induced proline accumulation 
could coexist with elevation of catabolic activities (Fabro et al., 2004; Kaplan et al., 2007). The 
overexpression of key proline synthesis pathway genes influences the modulation of the 
shoot/root biomass ratio, the inflorescence architecture and economic yield under stressful 
conditions (Kishor et al., 1995; Hare, Cress and van Staden, 1999) highlighted the importance 
of these by knockout transgenic Arabidopsis lines (Szekely et al., 2008; Funck et al., 2012). 
P5CS1 and ProDH show different regulation profiles under stress, while the earlier is up-
regulated under stress, the transcription of later enzyme in several plant species is down-
regulated by moisture stress, dehydration and salinity (Verslues, Kim and Zhu, 2007; Sharma 
and Verslues, 2010) and up-regulated when stress is relieved (Yoshiba et al., 1997; Satoh et al., 
2002).  
 
The Pro synthetized in shoots can be transported to roots for subsequent degradation, sustaining 
root growth under unfavorable conditions (Sharma et al., 2011).  
Proline responding1, gene encoding a P5CS catalyzing the biosynthesis of proline from 
glutamic acid,  plays a critical role in regulating general protein synthesis and the cell cycle in 
maize (Wang et al., 2015). Loss of function of Pro1 showed inhibited proline biosynthesis and 
decreased its accumulation in the pro1 mutant. Proline deficiency triggered increasing of the 
level of uncharged tRNApro AGG accumulation and the phosphorylation of eukaryotic 
initiation factor 2α (eIF2α) in the pro1 mutant, which could lead to a general reduction in protein 
synthesis in this mutant. Downregulation of major cyclin genes at the transcriptional level, 
which caused cell cycle arrest and the suppression of cell proliferation due to proline deficiency 
were reversible when external proline is supplied to the mutant, suggesting a regulatory role of 
proline in the cell cycle transition. Based on these evidences, it can be demonstrated that proline 
plays an important role in the regulation of general protein synthesis and the cell cycle transition 
in plants. 
Reproductive organs can show parallel induction of P5CS (Savouré et al., 1995), ProDH 
(Nakashima et al., 1998), and P5CDH (Deuschle et al., 2004), while expression of P5CS2, 
P5CR, and ProDH1 increase in meristematic tissues such as root tip, shoot apex, and 
inflorescences (Kavi Kishor and Sreenivasulu, 2014). In Brassica napus genome, six 
BnaProDH1 and two BnaProDH2 genes were described, the BnaProDH1 genes are mainly 
expressed in pollen and roots’ organs while BnaProDH2 gene expression is associated with leaf 
vascular tissues at senescence (Faes et al., 2015). 
The inner mitochondrial membrane is the place of the two-step oxidation of proline in all 
eukaryotes. The first step is the consecutive action of proline dehydrogenase (ProDH) that 
produces delta(1)-pyrroline-5-carboxylate (P5C) and the second is the P5C dehydrogenase 
(P5CDH) that oxidizes P5C to glutamate. Once osmotic stress occurred, this catabolic route is 
down-regulated, allowing free Pro accumulation in plants. The cellular Pro to P5C ratio under 
ambient and osmotic stress conditions did not change in case of overexpression of MsProDH 
in tobacco and Arabidopsis or impairment of P5C oxidation in the Arabidopsis p5cdh mutant 
indicating that P5C excess was reduced to Pro in a mitochondrial-cytosolic cycle. This cycle, 
with ProDH and P5C reductase, exists in animal cells and Miller et al (2009) described also in 
plants. In this cycle, Pro oxidation by the ProDH-FAD complex delivers electrons to the 
mitochondrial electron transport chain and in the case of hyperactivity of the cycle, e.g. when 
an excess of exogenous Pro is provided, can generate reactive oxygen species (ROS) by 
delivering electrons to O2.  After exogenous Pro treatment, the lack of P5CDH activity induced 
higher ROS production under dark and light conditions, and rendered plants hypersensitive to 
heat stress. In order to avoid Pro mediated toxic effects it is important to balance mitochondrial 
ROS production during increased Pro oxidation by P5CDH which is the key enzyme to prevent 
P5C-Pro intensive cycling and avoid ROS production from electron run-off. 
Fichman et al. (2015) reviewed proline biosynthesis pathways in different domains of life.  The 
most prevalent pathway of proline synthesis is assisted by bi-functional Δ1-pyrroline-5-
carboxylate synthase, in higher plants and animals, while there are alternative pathways of 
proline formation using the initial steps of the arginine biosynthetic pathway to ornithine, which 
can be converted to Δ1-pyrroline-5-carboxylate by ornithine aminotransferase and then reduced 
to proline or converted directly to proline by ornithine cyclodeaminase. In some organisms, the 
latter pathways contribute to or could be fully responsible for the synthesis of proline. Fichman 
et al (2015) provided novel data about proline biosynthesis in organisms contributing 
elucidating the conservation of proline biosynthetic enzymes, significance of specific residues 
for catalytic activity and allosteric regulation are analyzed on the basis of protein structural 
data, multiple sequence alignments, and mutant studies.  
3 Pro and abiotic stress factors 
It is well-known that Pro has got a diversified role in plant metabolisms, especially in plant 
responses to several types of biotic and abiotic stresses, e.g. it does not only act as a non-
enzymatic antioxidant but it may form complexes with heavy metals or it can be a signaling 
molecule (reviewed by Hare and Cress 1997; Hossain et al. 2014; Emamverdian et al. 2015). 
Numerous results have exhibited that Pro accumulation can be regarded as a general 
consequence of the stresses and its level depends on the degree and duration of the stress, as 
well as the ontogenetic stage of the plants (Kaur et al. 2011; Rejeb et al. 2013). Besides, other 
investigations executed on transgenic plants also confirmed that changes of Pro metabolism, 
mainly up- or down-regulation of enzymes improves the stress tolerance (review from Szabados 
and Savouré 2010; Ku et al. 2011; Lv et al. 2011; Rejeb et al. 2013). Moreover, exogenous 
application of Pro may also alleviate the negative effects of various abiotic stresses (Xu et al. 
2009; Kaur et al. 2011; Zouari et al. 2016). 
3.1 Salinity 
Actually, due to climate change salinity has become one of the most serious abiotic stress 
factors, seldom in combination with drought stress, which may result in the loss of the yield 
and the quality of agricultural products (Mittler 2006; Shabala 2013). Salt-tolerant plants, 
namely halophytes (such as quinoa from Chenopodiaceae) have been acclimated to high salt 
concentration of the environment, while most of the plants (including the main crops) are non-
tolerant and usually show e.g. disfunctions in photosynthetic activity, oxidative stress or other 
morpho-physiological changes of the organs, as it has been presented by several investigations 
(Meloni et al. 2003; Szepesi et al. 2008; Shabala 2013; Denlein et al. 2014; Singh et al. 2016). 
All the results pronounce that supra-optimal salt concentration provokes not only oxidative 
stress and usually the up-regulated activities of the enzymatic antioxidants, but it triggers Pro 
accumulation accompanied by the changes of the enzymes of Pro metabolism (Table A). It was 
found that in the leaves of salt-stressed Indian mustard (Brassica juncea L. cv.  Pusa Jai Kisan) 
or eggplant (Solanum melongena L. var. Neelam) the elevated level of Pro content was probably 
due to the enhanced activity of Δ1-pyrroline-5-carboxylate synthetase (P5CS) and disfunction 
of proline oxidase (PO) or proline dehydrogenase (PDH) (Iqbal et al., 2015; Singh et al., 2016; 
Table A). Moreover, transgenic potato plants with accrued level of P5CS and Δ1-pyrroline-5-
carboxylate reductase (P5CR) activities expressed much higher Pro content compared to non-
transgenic (control) lines (Hmida-Sayari et al., 2005; Table A). 
3.2 Drought 
Lack of water, beside salinization, may affect the fecundity of crops, especially in the arid fields. 
Therefore, the acclimation and the adaptation to water deprivation is a great defial for the 
intolerant plants. Several researchers displayed the detrimental impact of water deficit resulting 
in numerous morpho-physiological variations in plants e.g. a decline in photosynthetic 
efficiency, ROS-overproduction or reduced development of organs (Alexieva et al. 2001; Arora 
et al. 2002; Karataş et al. 2014). In both wild-type and transformed tobacco (Nicotiana tabacum 
L. cv. M51) plants exposed to water retention showed to have an increment of Pro level in 
leaves and roots, as well (Cvikrová et al. 2013). Dobrá et al. (2011) preformed that Pro 
accumulation was in correlation with the higher activity of P5CS and the lower level of PDH 
activity (Table A). Similarly, significant inhibition of Pro accumulation was observed in P5CS-
silenced Nicotiana benthamiana plants (Ku et al. 2011).  
3.3 Chilling and heat stress 
Extremely high and low temperature values also might affect negatively the productivity of 
crops, though some plants have acclimated having specialized epidermal surface, e.g. waxy 
cuticle on the needles of pines or species covered with hairs can bear heat or cold stress. Most 
of the commercial species (vegetables, cereals, etc.) can hardly bear weather extremities and 
several morphological alterations and/or physiological symptoms appear. Low temperature can 
cause disfunction of the chloroplasts or mitochondria in sensitive plants inducing oxidative 
stress. At the same time, chilling may also the change of Pro content (mainly accumulation) 
providing stabilization of the cellular structure, protection of enzymes and stress tolerance 
(Hare and Cress 1997; Prasad et al. 1994; Rivero et al. 2001; Szabados and Savouré 2010). 
In chickpea (Cicer arietinum L. cv. GPF2) which is an important food legume in Asia, after one 
week- long chilling stress endogenous Pro level increased then decreased in the leaves at 
reproductive phase, while after foliar application of Pro it was significantly higher compared to 
non-treated chilling stressed plants (Kaur et al. 2011; Table A). Kumar and Yadav (2013) also 
confirmed the protective effects of exogenous usage of Pro. In the topmost leaves of cold 
stressed tea (Camellia sinensis (L.) O. Kuntze) lipid peroxidation diminished due to Pro 
exposure.  In case of bamboo (Phyllostachys praecox f.  prevernalis) induced activities of P5CS, 
PDH and ornithine-Δ-aminotransferase (OAT) were found which later attenuated (Liu et al. 
2015; Table A).  
Several studies have shown that heat stress can dramatically destroy the plants at physiological 
and/or morphological level, especially combined with water deficit or salt stress (Mittler 2006). 
Elevated temperature usually triggers the decline of photosynthetic rate, oxidative stress and 
Pro accumulation, as well, as it was found in the leaves if wheat, eggplant or chickpea (see 
Table A; Hare and Cress 1997; Kotak et al. 2007; Rejeb et al. 2013; Wu et al. 2014).  
 Table A: Summary of abiotic stress factors that affect proline metabolism in plants.  
Type of 
abiotic 
stress factor Plant name
Duration of pre-
cultivation
Concentration or 
degree of the 
stress
Time of 
exposure
Plant organ 
investigated
Change in 
Pro content*
Activity of enzymes 
of Pro metabolism* Reference
Salinity 
(NaCl)
Brassica  juncea   L.  cv.  
Pusa  Jai  Kisan
no data 100 mM 30 days leaves ↑ 
P5CS ↑,              
PO ↓
Iqbal et al., 2015
Cucumis sativus  L. var. 
Jumbo
30 days 150 mM  3 days  leaves ↑ no data Fariduddin et al., 2013
Cucumis sativus  L. var. 
Rocket
30 days 150 mM  3 days  leaves ↑ no data
Mesembryanthemum 
crystallinum L.
4 weeks 100 mM 24 h leaves ↑ no data Shevyakova et al., 2009
9 weeks 100 mM 24 h leaves ↑ no data
Pisum sativum  L. ‘Sprinter’ 20 days 100 mM no data leaves ↑ no data Shahid et al. 2016
Solanum melongena  L. var. 
Neelam
15 days 0.3 g kg-1 (sand) 12 days leaves ↑ P5CS ↑, PDH ↓ Singh et al., 2016
0.5 g kg-1 (sand)  ↑ P5CS ↑, PDH ↓ 
 
Solanum tuberosum L. cv. 
Nicola non-transgenic line
4-6 weeks 100 mM 10 days leaves ↑ ns non-detectable Hmida-Sayari et al., 2005
180 mM ↑ non-detectable
Solanum tuberosum L. cv. 
Nicola transgenic line 15B
4-6 weeks 100 mM 10 days leaves ↑↑ P5CS and P5CR ↑
180 mM ↑↑ P5CS and P5CR ↑
Solanum tuberosum L. cv. 
Nicola transgenic line 17
4-6 weeks 100 mM 10 days leaves ↑↑ P5CS and P5CR ↑
 180 mM ↑↑ P5CS and P5CR ↑
Spirodela  polyrhiza  L., 
clone  DR  
24 ± 2 days 100  mM  4 days
frond (i.e. 
whole plant)
No change
P5CS ↑ ns,     
P5CR ↑ ns,         
GS ↓ ns  
Cheng et al., 2013
200 mM 4 days
frond (i.e. 
whole plant)
↓
P5CS ↑ ns,     
P5CR ↑ ,            
GS ↓
Drought        
(water 
deficit)
Nicotiana  tabacum  L.  cv.  
Wisconsin 38
6 weeks No irrigation 1 day leaves
↑ in upper 
and lower 
leaves but ↓ 
ns in middle 
leaves
PDH ↓, P5CS ↑ Dobrá et al., 2011
 6 days ↑ PDH ↓, P5CS ↑
1 day roots ↑ PDH ↓, P5CS ↑
 6 days No change PDH ↓, P5CS ↑
Nicotiana tabacum L. cv. 
M51 (wild type)
6 weeks No irrigation
5 and 10 
days
leaves ↑ and ↑↑ no data Cvikrová et al., 2013
roots ↑ ns no data
Nicotiana tabacum  L.  
M51-1 transformant
5 and 10 
days
leaves ↑ and ↑↑ no data
 roots ↑ no data
Low 
temperature 
(chilling)
Cicer arietinum  L. cv. GPF2 ca. 2 months
8.3–9.6/2.8–5.3 
◦C (max./ min.)
7 days leaves ↑, later ↓ no data Kaur et al., 2011
Phyllostachys  praecox  f.  
prevernalis
14 days 1°C 42 days shoots ↑ 
OAT ↑, later ↓;    
P5CS ↑;            
PDH ↑, later ↓ 
Liu et al., 2015
High 
temperature
(heat)
Cicer arietinum  L. cv. 
GPF2
no pre-cultivation 35-45 °C 10 days leaves ↑ and ↑↑ no data Kaushal et al., 2011
Triticum aestivum L. 
cultivars (Unnat Halna, Halna,
Raj3765, C306, NIAW34, 
WR544, WH730, HD2877 
and PBW343)
4 weeks 38°C 4 h leaves ↑ no data Mishra et al., 2017
Vigna aconitifolia L. 
varities (e.g. Jwala, RMO 40, 
RMO 225 and RMO 423)
7 days 42°C 1 h leaves ↑ or ↓ ns no data Harsh et al., 2016
* ↑ indicates significant and ↑↑ significantly high increase, ↑ ns indicates non-significant increase, while ↓ refers to significant decrease and ↓ ns signs non-significant reduction in 
3.4. Heavy metals 
Up to now the emission of heavy metals (HMs) has been elevated due to anthropogenic 
activities such as mining, industrial, agricultural works and the output of municipal wastes 
which may have disadvantageous consequences in plants. Albeit, aluminum (Al) is not a HM 
because of its density (2.70 g cm−3), but due to its toxic effects it is often mentioned among 
the classical HMs such zinc (Zn), iron (Fe), copper (Cu), cadmium (Cd) or lead (Pb) 
(Matsumoto and Motoda 2012). The main visual symptoms of HM stress and /or toxicity in 
plants are chlorotic leaves, decreased or inhibited germination of seeds, disturbed development 
of vegetative parts (root and shoot) (Arora et al. 2002; Maksymiec 2007; Farooq et al. 2009; 
Emamverdian et al. 2015). Beside the toxic metals like Cd, Pb, Hg which can cause oxidative 
stress in the plant cells, the essential HMs (e.g. Fe, Zn, Ni or Cu) at supra-optimal concentration 
also might provoke the increment of ROS. Here we discuss the influence of excess HM on Pro 
metabolism in case of the main essential and non-essential HMs. 
Copper (Cu) is an essential micronutrient for plants and its mean concentration in the soil is 2-
40 mg kg-1 DM (dry matter), but it can reach 10-15-fold higher concentrations in agricultural 
soils due to the usage of sewage sludge, fertilizers and pesticides, and may induce dramatic 
changes in photosynthetic efficiency accompanied by reduced shoot growth and leaf chlorosis 
(Hirt and Shinozaki 2004; Janas et al. 2010; Yadav 2010; Emamverdain). Cu being a redox-
active HM can cause lipid peroxidation, catalyze •OH radical formation trough Haber-Weiss 
and Fenton-reaction and change the activity of several enzymes (Arora et al. 2002; reviewed by 
Schützendübel and Polle 2002; Feigl et al. 2013; Sytar et al. 2013). In plants after Cu exposure 
increment of Pro content was observed which was in correlation with the elevated activity of 
P5CS, OAT and GDH but diminution of PDH activity (Table B). 
Zinc (Zn) is also an essential trace element for plants, its mean concentration is 10-80 mg kg-1 
DM (in soil) but in polluted areas the range can 150-300 mg kg-1 DM and becomes phytotoxic 
(Hirt and Shinozaki 2004; Emamverdian et al. 2015). Zn plays an important role in N-
metabolism, chlorophyll biosynthesis, cell growth regulation, root development and acts as a 
constituent of several enzymes such as oxidoreductases, transferases, hydrolases, ligases (Rout 
and Das 2003; Broadley et al. 2007; Halušková et al. 2010; Emamverdian et al. 215). At supra-
optimal concentrations, it may cause growth inhibition and chlorosis due to oxidative stress, 
lipid peroxidation or disorders in various metabolic processes (Wang et al. 2009; Halušková et 
al. 2010; Janas et al. 2010; Stoláriková-Vaculíková et al. 2015). Zinc is a non-redox active HM 
thus it evokes oxidative stress indirectly (Dat et al. 2000; Cuypers et al. 2002). Pro accumulation 
was reported in tomato shoots and the leaves and roots of wheat after Zn excess (Li et al.; Al 
Khateeb and Al-Qwasemeh 2014; Table B).  
Nickel (Ni) is a micronutrient required by plants at very low concentration (Gajewska et al. 
2006; Emamverdian et al. 2015). In natural soils its level ranges 10-1000 mg kg-1 DM but at 
20-30-fold levels it becomes toxic (Yadav et al. 2010; Emamverdian et al. 2015; Pavlovkin et 
al. 2016). Several studies have exhibited that excess Ni may cause growth inhibition, chlorosis, 
tissue damage and functional disorders of plasma membrane or enhances ROS-generation in 
the plant cells (Gajewska et al. 2006; Kumar et al. 2007; Fiala et al. 2013; Pavlovkin et al. 
2016). It was also proved that in crop plant such as Eleusine coracana (mainly in Africa and 
Asia) or pea high levels of Ni may provoke Pro accumulation in all vegetative plant organs 
(Gajewska and Skłodowska, 2005; Viswanath et al. 2016; Table B). 
Cobalt (Co), similarly to Ni, is a transitional element and the co-factor of several enzymes. 
Excess Co may impact plant development, the integrity of plant cell wall and membrane, 
drought tolerance, photosynthetic activity or the uptake and translocation of other elements 
(Tewari et al. 2002; Jayakumar et al., 2007; Li et al. 2007; Arora et al. 2012). Though there are 
not much data about the relationship between Co toxicity and Pro metabolism it seems that this 
HM also increases Pro content in plants (Table B). 
Cadmium (Cd), known as a non-essential toxic heavy metal and can induce numerous morpho-
physiological disorders in plants. Typical signs of Cd stress are reduced plant development and 
photosynthesis, chlorotic leaves or declined seed germination rate (Arora et al. 2002; Benavides 
et al. 2005; Halušková et al. 2010; Fiala et al. 2013). These symptoms are the probable 
consequences of oxidative stress and altered activity of several enzymes (Gallego et al. 1999; 
Szőllősi et al. 2009; Dietz et al. 2016). In natural soils Cd content is estimated to be about 0.06–
0.50 mg kg-1 DM, but due to anthropogenic activities Cd output to agricultural environment 
has increased. Since Cd is not redox active it induces indirectly ROS-overproduction and has 
great affinity to bind to –SH groups of proteins which generally results in the dysfunction of 
the enzymes (Arora et al. 2002; Emamverdian et al. 2015). Several data support that plants at 
various age exposed to this toxic HM try to protect themselves by accumulating Pro (see Table 
B). 
Up to now the level of toxic lead (Pb) has increased in soils as a result of several anthropogenic 
activities. Some plants are tolerant to Pb and can accumulate it, but most of the species exhibit 
toxicity symptoms like damage of root cells, declined root lenght or chlorotic leaves (Islam et 
al. 2008; Çavuşoğlu et al. 2009; reviewed by Nagajyoti et al. 2010). These visual symptoms are 
because of water imbalance, disturbed mineral nutrition or malfunction of enzymes (Seregin 
and Ivanov 2001; Yadav 2010). Crop plants such as soya or wheat showed to have elevated 
level of Pro in the leaves or expressed no change after Pb stress (Öncel et al., 2000; Imtiyaz et 
al., 2014; Table B). 
Since aluminum (Al) is not a HM because of its density it is regarded to be toxic. At acidic pH 
(5-5.5) it produces a trivalent cation (Al3+) and becomes toxic for plants (Emamverdian et al. 
2015). Several studies have assessed that excess Al results in root growth inhibition and severe 
damage to root epidermal cells as a consequence of lipid peroxidation and ROS-overproduction 
(Dat et al. 2000; Matsumoto and Motoda 2012). Experiments executed on maize exhibited that 
the accrual of Pro level in both shoots and roots may be protective against Al stress, while in 
higher Al concentration can cause Pro degradation in both sensitive and resistant tomato plants 
(Khan et al., 2000; Surapu et al., 2014; Table B).  
 Type of 
abiotic stress 
factor Plant name
Duration of pre-
cultivation
Concentration 
or degree of 
the stress
Time of 
exposure
Plant organ 
investigated
Change in Pro 
content*
Activity of 
enzymes of Pro 
metabolism* Reference
Heavy 
metals
Cu
Cucumis sativus  L. var. 
Jumbo
30 days
100 mg kg−1 
(sand)
 3 days  leaves ↑ no data Fariduddin et al., 2013
Cucumis sativus  L. var. 
Rocket
30 days
100 mg kg−1 
(sand)
 3 days  leaves ↑ no data
Solanum nigrum L. no data
50, 100, 150 
and 200 mM
5 weeks shoot ↑ no data
Al Khateeb and Al-
Qwasemeh 2014
Solanum lycopersicum 
L.
no data
50, 100, 150 
and 200 mM
5 weeks shoot ↑ no data
Al Khateeb and Al-
Qwasemeh 2014
Zea  mays  var.  rugosa  
Bona
54 h 50  mM 4-24 h shoot
↑ns and ↑ at 
12-24h
P5CS ↑ at 12-
24h, GDH ↑ at 
12-24h, OAT ↑, 
PDH ↓ at 8-24h
Wen et al., 2013
Zn
Solanum nigrum L. no data
0.25, 0.5, 
0.75 and 1.0 
mM
5 weeks shoot ↑ no data
Al Khateeb and Al-
Qwasemeh 2014
Solanum lycopersicum 
L.
no data
0.25, 0.5, 
0.75 and 1.0 
mM
5 weeks shoot
↑ns and ↑ at 
1.0 mM 
no data
Al Khateeb and Al-
Qwasemeh 2014
Triticum aestivum L. cv. 
Xihan 3
no data
0.5, 1 and 3 
mM
6 days leaves ↑ OAT↑, PDH ↑ Li et al., 2013
roots ↑
OAT ↑ns and ↑ 
at 1 and 3 mM; 
PDH no change 
and ↓ at 3 mM
Ni
Eleusine coracana L. 
(Sri Chaitanya VR-847)
7 days  0.5 mM 7 days shoot ↑ no data Viswanath et al. 2016
root ↑ no data
Pisum sativum L. cv. 
'Cud Kelvedonu'
14 days
10, 100 and 
200 µM
1-9 days leaves ↑ no data
Gajewska and Skłodowska, 
2005
roots ↑ and ↑ ns no data
Pisum sativum  L. 
‘Sprinter’ 
20 days 100 µM no data leaves ↑ no data Shahid et al. 2016
Co
Glycine max L. varieties 
(SL-688, PS-1347 and 
DS-9712)
no data
50, 100 and 
150 µM
no data leaves ↑↑ no data Imtiyaz et al., 2014
Cd
Avicennia marina 
(Forsk.)
2 weeks 0.5 mg kg−1 30 days leaves ↑ no data Dai et al., 2017
5 mg kg−1 ↑ no data
Kandelia obovata ( S., 
L.) 
2 weeks 0.5 mg kg−1 30 days leaves ↑ ns no data Dai et al., 2017
5 mg kg−1 ↑ no data
Olea europaea L. cv 
Chemlali
2 years
10 and 30 mg 
kg-1 soil
5 months leaves ↑ no data Zouari et al., 2016
roots ↑ no data
 Solanum nigrum L. no data
100, 200 and 
400 mM
5 weeks shoot ↑ no data
Al Khateeb and Al-
Qwasemeh 2014
Solanum lycopersicum 
L.
no data
100, 200 and 
400 mM
5 weeks shoot
 ↓ns and ↑ at 
400 mM 
no data
Al Khateeb and Al-
Qwasemeh 2014
Triticum aestivum L. cv. 
Gerek-79 
7 days
50, 100, 250, 
500 mg l−1
6 days leaves ↑ no data Öncel et al., 2000
Triticum aestivum L. cv. 
Bolal-2973 
7 days
50, 100, 250, 
500 mg l−1
6 days leaves ↑ ns no data
Pb
Glycine max L. varieties 
(SL-688, PS-1347 and 
DS-9712)
no data
50, 100 and 
150 µM
no data leaves  ↑ no data Imtiyaz et al., 2014
Sesamum indicum 30 days 2 mM 48h root  ↑ no data Amooaghaie et al., 2017
Triticum aestivum L. cv. 
Gerek-79 
7 days
50, 100, 250, 
500 mg l−1
6 days leaves No change no data Öncel et al., 2000
Triticum aestivum L. cv. 
Bolal-2973 
No change no data
Al
Lycopersicum 
esculentum Mill. cv. 
Gowri (sensitive)
no data 500 µM 2 weeks leaves ↓ no data Surapu et al., 2014
Lycopersicum 
esculentum Mill. cv. Siri 
(resistant)
↓ ns no data
Zea mays L. cv. Zea 
769,  (tolerant)
3 days 0.22 mM 7 days shoot ↑ no data Khan et al., 2000
roots ↑↑ no data
Zea mays L. cv.  Bozm 
1335 (tolerant)
shoot ↑ no data
roots ↑↑ no data
Zea mays L. cv. Reward 
(sensitive)
shoot ↑ ns no data
roots ↑ ns no data
Zea mays L. cv. Golden 
(sensitive)
shoot ↑ ns no data
roots ↑ ns no data
* ↑ indicates significant and ↑↑ significantly high increase, ↑ ns indicates non-significant increase, while ↓ refers to significant decrease and ↓ ns signs non-significant 
reduction in Pro content and enzyme activities
Table B: Changes of proline metabolism during heavy metal stress in plants  
Oh et al. (2017) investigated Pro accumulation and related gene expression during spring 
regrowth in three Rosaceae species, suggesting that Pro accumulation in response to higher 
temperatures during the spring regrowth is a more general phenomenon across Rosaceae fruit 
trees, and although peach shoots may accumulate Pro via the ornithine pathway during spring 
regrowth, there was no evidence for this in plum and apple. 
Lipid signaling can be involved in the regulation of proline biosynthesis as a negative regulators 
(Thiery et al., 2004), however, during high salt stress (200 mM NaCl) calcium signaling and 
phospholipase C could trigger P5CS1 transcription and proline accumulation (Parre et al., 
2007). Halophyte plants, such as Thelungiella salsuginea, function in an opposite manner in the 
case of lipid signaling (Ghars et al., 2012).  
PLD signaling for proline biosynthesis shows similar process to RD29A gene expression and 
different from the abscisic acid-dependent RAB18 gene expression. Some studies revealed that 
PLDs play positive and negative roles in hyperosmotic stress signal transduction in plants, 
contributing to a precise regulation of ion homeostasis and plant salt tolerance. In cashew plants 
treated with NaCl, parallel increases of Orn and Pro have also been observed which activated 
OAT and curiously repressed P5CDH (Da Rocha et al., 2012).  
In addition, NADPH oxidases trigger proline accumulation in response to salt stress 
independently of the SOS pathway (Ben Rejeb et al., 2015).   
P5CS1 expression has also been confirmed to be stimulated by light (Hayashi et al., 2000) and 
nitric oxide (NO) (Zhao et al., 2009) in Arabidopsis. Under osmotic and salt stresses, ABA can 
induce AtP5CS1 expression through the cis-acting ABA responsive (ABRE) element (Strizhov 
et al., 1997). However, Savouré et al. (1997) showed that stress induction of P5CS1 occurs 
independently of ABA upon cold and osmotic stresses. Sharma and Verslues (2010) provided 
evidences supporting these by indicating significant ABA-independent expression of P5CS1 at 
low water potential demonstrated by comparing ABA-deficient (aba2-1), proline accumulation 
deficient (p5cs1-4) and double (p5cs1-4/aba2-1) mutants.  
4 Proline metabolism during plant biotic stress 
Pro metabolism appears to be tightly regulated by environmental and endogenous signals. 
During plant-pathogen interactions, it has been described increases in glutamate, proline and γ-
aminobutyric acid (GABA) that can, directly or indirectly, exhibit ROS scavenging activity 
(Takahashi et al., 2008; Verslues and Sharma, 2010). Recently, ProDH has been implicated in 
defences against pathogens. In Arabidopsis plants, Cecchini et al (2011a) reported enhanced 
gene expression and enzyme activity on elicitation of the hypersensitive response (HR) in the 
case of treatment with Pseudomonas syringae pv. tomato (Pst) AvrRpm1 (Pst-AvrRpm1). 
Senthil-Kumar and Mysore (2012) stated that ProDH1/2 genes are also induced in Nicotiana 
benthamiana plants establishing a non-host interaction with Pst T1. In both cases, silencing of 
ProDH genes compromises the accumulation of reactive oxygen species (ROS) ( Cecchini et 
al. 2011a), the generation of cell death and disease resistance (Senthil-Kumar and Mysore, 
2012).  Moreover, ProDH activation is believed to sustain the oxidative burst and to reduce cell 
viability in other kingdoms (Cecchini et al., 2011b). ProDH1 and ProDH2 genes could be 
differentially regulated in infected tissues (Cecchini et al., 2011a). More recent, Rizzi et al. 
(2016) found that ProDH1 and ProDH2 are both necessary for achieving maximum resistance 
against Pst-AvrRpm1 and B. cinerea, but ProDH2 has more significant effect on early 
restriction of B. cinerea growth. It is important to note that while ProDH1 is upregulated by SA 
and JA, ProDH2 is only activated by JA, and both genes show transcriptional inter-regulation 
at basal and infection conditions. Rizzi et al. (2016) provided the first evidence of the 
contribution of ProDH2 to disease resistance showing the differential regulation and 
complementary function of both enzyme isoforms in infected tissues, deciphering the 
fundamental role of ProDH in the control of biotrophic and necrotrophic pathogens. Transient 
exposure to exogenous Pro or infection with Pseudomonas syringae pv. tomato could trigger 
increase of ProDH activity in Arabidopsis tissues (Rizzi et al., 2015). Wild type (Col-0) and 
p5cdh Arabidopsis plants showed consecutively activated ProDH and Pro biosynthetic genes 
under both conditions by different coordination between the biosynthetic pathways, whereas in 
Col-0 plants induced both Pro biosynthetic routes, p5cdh mutant plants may preferentially 
activate the Orn route.  
5 Proline and redox signalling in plants 
Szabados and Savouré summarized in an excellent review (2010) that proline has 
multifunctional roles. There are some data about how proline can impact on ROS generation 
processes affecting relationship between ROS and proline metabolism (Ben Rejeb et al., 2014; 
2015).  Some recent studies, such as Zhang and Becker (2015) proved evidence that proline 
metabolic ROS production appears to be a general phenomenon in diverse organisms 
potentially impacting cellular processes such as aging and plant senescence. Recent studies 
have highlighted the roles of proline as an important player in the redox signaling in plants. 
Giberti et al. (2014) studied the different regulation of P5CR activity by proline and chloride 
ions depending on the co-factor was used NADH or NADPH. Sharma et al (2011) also 
confirmed that proline metabolism has a special effect on the ratio of NADP and NADPH 
(Sharma et al., 2011). Some studies also indicated the influence of redox sensitive enzymes on 
proline accumulation eg. thioredoxins (Verslues et al., 2014) and mitochondrial NAD 
dehydrogenases (Lovell et al., 2015).  
Nowadays, some evidences appeared to prove that Pro has a role in controlling redox status in 
plants. In a recent study, Shinde et al. (2016) observed that lipid metabolism mutants have 
higher proline accumulation under stress, and the greater proline accumulation is caused mainly 
by the altered redox status of these mutants as ProDH can load electrons into the mitochondrial 
electron transport chain regulating the cellular redox state. Based on studies by using ProDH 
inhibitors and exogenous Pro treatment as a ProDH inducer process, Fabro et al. (2016) 
demonstrated that Arabidopsis ProDH could modulate by affecting RBOHD generating ROS 
and contributing to flagellin-mediated PAMP-triggered immunity. Ben Rejeb et al. (2015) 
reported that hydrogen peroxide produced by NADPH oxidases increases proline accumulation 
during salt or mannitol stress in Arabidopsis thaliana. Some potential mechanisms by which 
proline metabolism influences plant senescence was studied in the case of petal and leaf, 
suggesting that proline content is influenced by the energy demands of senescing cells. Proline 
metabolism may influence ROS signal pathways in the flower and leaf in order to delay 
senescence progression. In the future, it should be elucidating those mechanisms by which 
proline could regulate senescence offering new methods to improve and preserve post-harvest 
agricultural products (for review see Zhang et al.2015). Very recent, Filippou et al (2016) 
reported enhanced proline accumulation after priming of Medicago truncatula plants by 
kresoxim-methyl, a type of strobilurins widely used as important agricultural fungicide.  Data 
highlighted the necessity of monitoring the proline level during priming processes and if 
controlling the effects of different biotic compounds are needed. The above mentioned data can 
help decipher the complex regulation of proline mediated redox status and further investigations 
are needed to uncover novel steps in proline metabolism.   
6 Post-transcriptional modification processes of proline metabolism enzymes  
Despite some recent interesting reports, our knowledge about post-translational modification of 
Pro metabolism enzymes is limited. Redox sensitive modification is one possible type of these 
modifications, such as in the case of ProDH1 involved in electron transport (Servet et al., 2012; 
Schertl et al., 2014).  Recent studies revealed that enzymes involved in Pro metabolism can be 
affected at different levels (Fichman et al., 2014; Kavi Kishor and Sreenivasulu, 2014), eg. 
OAT, P5CS, and ProDH at transcriptional and post-transcriptional levels while P5CS can be 
inhibited by allosterically by its endproduct. P5CDH has post-transcriptional regulation by cis 
antisense transcripts, while P5CR shows sensitivity to redox regulation (Giberti et al., 2014). 
Despite of Bhaskara et al. (2015) proved by immunoblot data for post-translational 
modifications of both P5CS1 and ProDH1, our knowledge about these modifications are 
limited. Further studies to decipher these post-translational modifications of Pro metabolism 
enzymes will advance our understanding of the Pro-mediated biotic and abiotic stress tolerance 
of plants important for agriculture and food safety.   
7 Proline and other signal pathways in plants 
An interaction between proline metabolism and the phytohormone abscisic acid under stress 
was reported by some studies (Savoure et al., 1997; Strizhov et al., 1997, Abraham et al., 2003); 
despite of the fact that ABA alone cannot duplicate drought-induced proline accumulation 
(Sharma and Verslues, 2010). Our current knowledge about how proline can coordinate and 
affect cell redox status by other metabolic pathways is very limited. Very recently, Shinde et 
al. (2016) proved evidence that both proline and VLCFA (very-long-chain fatty acid) synthesis 
can help buffer cellular redox state and also produce some products, eg. compatible osmolytes 
and cuticle lipids for improving stress resistance.   
8 Future perspectives 
A recent review by Mansour and Ali (2017) provided an excellent evaluation of proline 
functions in saline conditions and concluded that comprehensive future research is needed to 
establish the proline exact mechanism by which it enhances plant salt tolerance. Further 
investigations are needed to determine effective proline concentration range for external proline 
application or the best mode of application eg. seed soaking and focusing the fruit quality of 
this plants controlling food safety. Recent examples of exogenous proline application is in the 
case of olive fruits and date palm (Zouari et al., 2016a and b) also provided evidence that 
exogenous treatment with proline improved mineral nutrition, enzymatic and non-enzymatic 
antioxidant systems counteracting cadmium inhibitory effects in young date palm plants. 
Aksakal et al. (2017) described that proline applied by exogenously could enhance the levels 
of GA, IAA, the concentrations of soluble sugars and organic acids and expressions of PAL, γ-
TMT and ProDH genes as compared to the control. The results obtained in this study suggest 
that pre-treatment with exogenous Pro provides important contributions to the increase in the 
UV-B tolerance of lettuce by regulating the biochemical mechanisms of UV-B response. There 
are some contradictionary data about effectiveness of exogenous Pro treatment, eg. Wani et al 
(2016) reported that proline was not highly effective in alleviating the undesirable effects of 
higher degrees of salt stress in either Brassica juncea cultivars investigated. As in the study of 
Aliferis et al. (2014) that provide metabolic data reporting in plant-pathogen pathosystems, 
metabolomics of proline homeostasis in plants may uncover novel possible strategies for 
improve crop management and food safety.  
 
Abbreviations used in this Chapter 
ABA, abscisic acid 
bZIP, basic leucine zipper transcription factor 
Ca2+, calcium 
GABA, gamma aminobutyric acid 
GSA, glutamic γ-semialdehyde 
H2O2, hydrogen peroxide 
OAT, ornithine D-aminotransferase  
P5C, pyrroline-5-carboxylate 
P5CR, pyrroline-5-carbxylate reductase 
P5CS, pyrroline-5-carboxylate synthetase 
P5CDH, P5C dehydrogenase 
ProDH, proline dehydrogenase 
PLC, phospholipase C 
PLD, phospholipase D 
SiRNA, small interfering RNA 
SRO5, similar to radical induced cell death one which shares a 3’ overlapping region with 
P5CDH 
SNAC, stress responsive NAC transcription factor 
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